Thank you. Good norni ng.
It's been a long but |I hope informative & productive week for you.

Your presence here this norning suggests that you're not anong those
who eat dessert first.

By that, | nean to say that we have saved the best part of DARPA's S&T
menu - biology - alnost for |ast.

You know, biology isn't what it used to be when | was in high school -
frogs, scal pels, iodine stains, phylogeny, evolution, Mendelian
genetics, and anatony.

Fasci nating stuff to be sure.

No artificial system| know of yet matches the beauty, conplexity and
functionality of Iiving organisms.

But the very conplexity of biological systens challenges our ability to
understand themin fundanental terns. Physicists have been pushing
hard for the past 100 or so years to describe the fundanmental | aws

governi ng the behavior of matter, light and electricity; and it is now
i magi nabl e that they will achieve the ultimate goal - a final theory of
everyt hi ng.

Chemi stry and materials science began nmaturing in the first half of the
20t h century and combi ned with physics have contributed to
revol uti onary technol ogi es that have forever changed the way we live.

In conparison, biology has | agged behind physics and chem stry.

But you need to understand that biology didn't get its "periodic table
of the elements"” until less than 50 years ago.

In 1951, a young and brash American biol ogist began to work with a
British physicist to determ ne the structure of DNA

Just a few years earlier, DNA -- deoxyribonucleic acid -- had been
identified as the chem cal of which genes were nmde.

CGenes - those nysterious determ nants of heredity - were a concept
first elaborated by Mendel in 1865 to explain how pea plants inherit
traits such as color or size; this was just 8 years before Maxwel
published his treatise on electricity and nagneti sm

VWhat m ght a gene actually be?

Well, it took another hundred years until we realized that genes were
conposed of DNA

And then, a nonentous event occurred in 1953.

That year, Watson and Crick's brilliant interpretation of an X-ray
diffraction pattern led themto realize that the structure of DNA - the
fanmous doubl e helix - provided a stunningly sinple nolecular

expl anation for how genes are replicated.



O, as they purposefully understated it in their Nature paper: "It has
not escaped our notice that the specific pairing we have postul ated

i medi atel y suggests a possi bl e copying mechani smfor the genetic
material .

Their famous structure al so provided the nol ecul ar expl anati on for how
genes control the properties of organismns.

Their di scovery of the structure of DNA profoundly changed bi ol ogy.

For it launched a scientific revolution that has matured to the point
where it has becone inaginable that we will be able to nimc and
control biological systems based on a fundanental understandi ng of
their nolecular parts. Now, although the structure of DNA was sol ved

al nost 50 years ago, technol ogies for cloning and sequenci ng DNA were
devel oped only about 25 years ago; and the ability to rapidly deternine
the entire sequence of an organi sm has been around for only five years.

But what an inpact the genomics revolution is already having on
bi ol ogy!

For the DNA sequence of an organism- when interpreted and coupled to
ot her pieces of information about the organism- provides a strategy
for determi ning the nol ecul ar anatony of that organi sm

Because the DNA sequence provides a way to begin exploring an

organi sm's nol ecul ar conposition, |ast year DARPA decided to nmake sure
that the Slide 5 conplete DNA sequences of potential biological warfare
agents woul d be determ ned.

The sequence of a pathogen's genonme is, in a sense, it's blueprint,
it's plan for making you sick.

The DARPA genonic sequencing effort will, therefore, enable us to
exam ne that blueprint and | earn fundanentally inportant information
about the identity and function of a pathogen's nol ecul ar anatony.

The sequence information we obtain from pathogens will enable us to
design rational strategies for devel opi ng di agnosti c approaches for
detecting biowarfare agents in the environnent and in clinical sanples.

That information can also be used as a guide for devel opi ng therapeutic
approaches for treating the consequences of infection by a biowarfare
agent .

But | don't nean to overstate the significance of DNA sequence
i nformati on.

For al though a sequence will provide nuch new and val uabl e i nformati on
about an organism it's far froma conplete description

Try this anal ogy. Suppose | disassenbled an F18 and nmade a list of its
parts. I'Il use trivial nanes for parts whose function | know - wheels,
bolts, lights, seats - and serial nunbers for parts whose functions
know not hi ng about .



Now suppose | show you ny parts |ist.

Wul d you consider that list to be an adequate representation of a
fighter plane?

The challenge in biology is to not only determine the identity of an
organi sm's mol ecular parts - a sinple cell, for exanple, mght contain
as many as 5000 different proteins - but to | earn: \Wat those parts do;
What the structure of a part is; How the structure of a part determ nes
its function; How the synthesis of a part is regul ated; Wat other
parts they interact with; And, nobst daunting of all, how all of the
parts are integrated to function as a dynanmic |living system

To deci pher biological complexity will require the devel opnent and use
of new physical and conputational tools.

Thus, we will need to invent new devices capabl e of interrogating
living cells and single nolecules to help biologists characterize the
physi cal properties of a cell's nol ecul ar conponents, determ ne their
nunbers and their |ocation

W will also require new nat henmati cal approaches for anal yzi ng nassive
quantities of information and reducing the dinmensionality of prinmary
dat a.

And we will require new conputational tools to nodel and sinulate the
dynam ¢ behavi or of biological systens while renmamining faithful to the
physi cal and cheni cal behavi or of system conponents.

So where does DARPA cone into this picture? What is our role and what
do we hope to gain fromit? DARPA wi shes to pronote the devel opnent and
use of nodern tools fromthe physical and infornation sciences to
generate fundanentally new i nformati on about conpl ex bi ol ogi cal

syst ens.

We're interested in doing this because we would |ike to devel op new
capabilities for DOD based on a principled understandi ng of biologica
nmechani smns.

By pursuing research at the intersection of biology with the physica
and information sciences - that is with the technol ogy conmunities that
DARPA hel ped to create - we will overcone current limtations to
under st andi ng bi ol ogi cal systens.

Such research will have an inpact far beyond the new know edge we
gener ate about biol ogi cal systens.

We believe that our research programat the intersection of biology
with the physical and information sciences will lead to the devel oprment
of fundanentally new ways to design and manufacture materials and

devi ces; The know edge we generate will inspire new ways for us to
design, control and interact with artificial systems; It will provide
new ways to think about how we capture, store and process information
and new ways to create fault-tolerant software; It will provide new
ways to nonitor humans and living systens; And it will enable better
def ensi ve strategies agai nst WWD via sensors, therapeutics, and
protection.



There are many recent technol ogy devel opnents in the physical and
i nformati on sciences to encourage our belief in the power of this
i nterdi sciplinary approach

For exanpl e, CMOS-based nicrosystens technol ogy - state-of-the-art
fabrication facilities - can now, al nost routinely, manufacture devices
with length scales in the nanonmeter to mcrometer range.

These are the very sizes required to interrogate single cells and
characterize individual nmolecules fromor within cells.

And in the information sciences increasingly powerful comnputational
tool s bei ng devel oped for defense purposes - e.g. automatic target
recognition - could be exploited and custom zed to assist in the
analysis and interpretation of the data streamthat will enmerge from
the interrogation of biological systens with CMOS-based technol ogi es.

The first phase of DARPA' s new enphasis on research at the interface of
physical, information and biol ogi cal systens i s now underway.

This past year three DARPA offices - DSO, ITO and MIO - jointly issued
a call for interdisciplinary grant proposals fromuniversities. Program
managers fromall three offices co-managed the revi ew process.

We received nmany out standi ng ideas.

There were nmany outstandi ng i deas.

In the end we selected 6 proposals for awards that began this past
sunmer .

The awards were nande in two broad areas of basic research
neur opr ocessi ng and bi ol ogi cal regul atory networks.

But, the DARPA enphasis is not the research areas per se, relevant to
DoD, tho they are in their own right.

The DARPA enphasis is rather in using these areas of research as
fertile ground for devel opi ng productive interactions anong the

bi ol ogi cal, informational, and physical sciences that will lead to the
creation of innovative technol ogies.

Let me briefly describe each of those areas for you. Neuroprocessing.
How do our brains actually work?

The human brain is nore than 3 tinmes larger than a chinp brain.

Unl ess you were recently educated in Kansas, you probably recall that
chi nps are our nearest relatives.

Most of the difference in size between a chinp brain and a human brain
can be accounted for by the devel opnent of a region of the brain called
t he neocortex.



If we had the ability to intercept and interpret signals from

i ndi vidual neurons and from | arge ensenbl es of neurons in the neocortex
we would be listening to the "l anguage" used by the neocortex as it
processes information, controls behavior, and | earns.

That is just the kind of informati on one needs to devel op

neur oprost heti ¢ devices, for exanple, the kind that Cint Eastwood
found to be so useful in Foxfire, one that works sinply by thinking
about it.

That kind of information mght also provide us with a biologically
i nspired synthetic |anguage for designing new conmputational algorithns
for solving difficult signal processing or target recognition problens.

The awards we nade to Arizona State University, Brown University, and
Caltech will permt investigators there to devel op new devi ces based on
MEMS, carbon nanot ubes, and ot her advanced m croel ectronic and

opt oel ectronic technologies to interrogate and mani pulate |iving brains
and brain slices.

To conpl enent the new devi ces, new conputational nethods nmust be
devel oped to anal yze and interpret the new infornmation.

The conput ati onal methods bei ng devel oped i n our new neuroprocessi ng
program i ncl ude approaches that will use neural decoding algorithns for
neural spikes and for local field potentials. In addition, the

i nvestigators will devel op new nethods for representing spati al
conponents in distributed systems and use deci sion theoretic approaches
for decoding brain signals.

Many technical hurdles will need to be overcone during the course of
t hese investigations.

For exanple, the group at Arizona State will be focusing some of their
effort on devel opi ng nanodevi ces nade of materials that can be
tolerated for long periods of tine in a living brain. If they
acconplish that task it would becone possible to nonitor neocortica
signals for long periods of tinme in an animal as it noves, |earns and
responds to stinuli.

The conmon focus in these efforts is the interaction between a

bi ol ogi cal information processor - the brain - and synthetic networks
of nano and nicro- devices. By focusing on those interactions we hope
to devel op a deeper understanding of the neural and synaptic

organi zation of the brain and to eventually use that understanding as a
gui de to designing new DOD capabilities in signal processing
conputation, and the human-machi ne interface.

The second broad area we have invested inis in a newy devel opi ng
field we call biological regulatory networks.

| introduced you to the concept earlier when | discussed both the power
and limtation of |earning the genom c sequence of an organism and the
i nadequacy of a parts list to fully describe a living system



If we hope to deeply understand and to manipulate living systems we
wi |l have to devel op tools and representations that capture the conpl ex
behavi or of their individual cells.

And to do that we will need to devel op ways to observe the behavi or and
conponents of single cell

So, the focus of the biological regulatory network thrust is the single
cel |

I nvestigators at Princeton, MT and Stanford will begin to use

t echnol ogi es devel oped by their physical and information science
col | eagues to begin interrogating and anal yzing single cells from
experimentally tractabl e biol ogical systens - bacteria, yeast, worns,
manmal i an cells grown under defined conditions in culture.

The technol ogies that will be devel oped and used i nclude devices that
can nmani pul ate single DNA nol ecul es for physically nmapping the conplete
set of proteins that control gene expression in a cell; H gh-speed 2-
photon m croscopy for localizing nolecules inside of cells; Mcro-
injection and microtenplate arrays for nanipul ati ng hundreds and

t housands of individual cells at a tine; And hi gh-throughput

m croanal yti cal devices for fractionating, sorting and mani pul ati ng
cells and their components. Information technology tools for this
research area include the devel opnent of new al gorithns applied to data
collection to detect patterns and networks; They include nodels for the
operation of bionol ecul ar networks governing growth and death; And they
i ncl ude the devel opment of software based on hybrid control theory for
di stributed, asynchronous control architectures.

Qur investment in this research area should provide us with a systens
| evel view of how cells behave.

The systens | evel perspective will enable many new capabilities for the
war fi ghter including better ways to circumvent the toxic or even | etha
ef fects of exposure to chenical and biol ogical warfare agents and the
design of systens that will use biol ogical components to conpute.

DARPA' s Defense Sciences Ofice is investing in several other areas

i nvol ving biology - Tissue Based Bi osensors, Controlled Biol ogica
Systens, and netabolic engineering - that will provide other kinds of
capabilities for the warfighter

I'd like to begin wapping up this talk by briefly describing tw of
t hese prograns for you - Tissue Based Bi osensors and netabolic
engi neeri ng.

Ti ssue Based Biosensors is based on a very sinple idea. Wat if we
could use cells and tissues directly to detect dangerous chemicals in
environnental or even clinical sanples? Coal mners used to rely on
canaries as an early warning systemfor the presence of dangerous

| evel s of gas.

Suppose cells could be engineered to respond to the presence of
danger ous cheni cal s.



If they could and if they could be nade rugged, it is inaginable that
they could be used directly in a canary-like fashion

Such a capability would solve a major problemthat could develop in the
future.

We're getting pretty good at detecting the nasty chemi cal and

bi ol ogi cal agents we know about. One can use anti bodi es or DNA probes
for exanple to detect small quantities of an agent w th high degree of
specificity and reliability.

But what if the agent is sonmething we have never seen before?
The warfighter doesn't necessarily care about the identity of an agent.
He sinply wants to know if it is hazardous.

Hence, a detection system based on the responses of biological naterial
to sanples could provide the answer.

Thus the concept behind the tissue based bi osensors programis to
devel op technol ogies that use living cells and tissues in devices that
report the physiol ogi cal consequences of exposure to environnental
sanpl es.

Such devices will be capable of broadly classifying the sample: Is it
hazardous? Is it a chemical or biological agent? Wat is its nmechani sm
of action? What might be the |long-term consequences of exposure?

There are many technical barriers to be overcone in the devel opnent of
a tissue-based biosensor - sanple collection and preparation; The

desi gn and engi neering of a systemthat would operate with cells;

Engi neering the detection capabilities to be sensitive, specific,

rapi d, and proportional to dose; And devel opi ng data acquisition and
anal ysis tools on which to base deci sions about the presence or absence
of a threat.

These are all hard problems that will be addressed over the next few
years by our Tissue based bi osensors program and its program nmanager,
Al an Rudol ph

The other and | ast area of biological research | want to tell you about
is a new effort at DARPA and is, sonewhat, connected to the tissue
based bi osensor i dea.

Qur new programin netabolic engineering is going to attenpt to devel op
technol ogi es that would pernit the long-term storage of cells and
ti ssues.

The ability to provide fresh blood and bl ood products on the
battlefield to a badly wounded warfi ghter depends on a | ogistics
capability that is often hard to naintain.

What if medical supplies - such as blood - could be stored at room
tenperature in a dormant state and becane usabl e on demand just by,
say, addi ng water?



How mi ght one engi neer stability into cells?
Well, nature does this all the tine!

Brine shrinp, algae, bacteria, and hi bernati ng ani nal s have, anobng
them a broad repertoire of nmechani sns for slow ng down, even shutting
down, their netabolismto stabilize their cells against desiccation
cold, and even oxygen deprivation

VWhat if we could either engineer those traits into human cells - or at
| east learn howto elicit sone of those capabilities that may well be
lying latent in hunan cells - so as to enhance the storability and
survivability of blood products?

W' ve begun to invest in some clever investigators who have ideas about
how to go about devel opi ng the knowl edge we will need to | aunch such a
radi cally new technol ogy for the warfighter.

Stay tuned!

By the way, DARPA is continuing efforts begun four years ago to devel op
counter neasures agai nst potential BWagents and to devel op advanced

di agnostics for the earliest possible detection of infection by such
agents.

The unconventional pathogen counter neasures and advanced di agnostics
prograns are now |l ed by Drs. John Carney and Al an Rudol ph
respectively.

| encourage you to contact themif you want nore infornmation about
t hose prograns.

In conclusion, I'd like to invite your help. You have the creative

i deas. You do the hard work. You, and the organizations you represent,
acconpl i sh revol uti onary advances on behalf of the warfighter. If
biology is to provide the warfighter with new capabilities based on the
use, nanipulation, or mmncking of biological systems, we need to get
you and your organizations invol ved.

If you have ideas and technol ogies that could be used to help us better
understand and exploit biological systens in ways that are relevant to
DOD, we want to hear fromyou. If you have ideas and technol ogies for
creating bionminetic systens that coul d enhance DOD capabilities, we
want to hear fromyou. And if you have ideas and platformnms for using

bi ol ogi cal systens or bioinspired systens for enhancing a DOD
capability, we want to hear fromyou. And finally, should you have any
guestions or conments about the prograns | described pl ease do not
hesitate to contact ne.

Thank you.



